Rationale: Ambient air pollution has been associated with heart failure morbidity and mortality. The mechanisms responsible for these associations are unknown but may include the effects of trafficrelated pollutants on vascular or autonomic function. Objectives: We assessed the cross-sectional relation between longterm air pollution, traffic exposures, and important end-organ measures of alterations in cardiac function-left ventricular mass index (LVMI) and ejection fraction-in the Multi-Ethnic Study of Atherosclerosis, a multicenter study of adults without previous clinical cardiovascular disease. Methods: A total of 3,827 eligible participants (aged 45-84 yr) underwent cardiac magnetic resonance imaging between 2000 and 2002. We estimated air pollution exposures using residential proximity to major roadways and interpolated concentrations of fine particulate matter (less than 2.5 microns in diameter). We examined adjusted associations between these exposures and left ventricular mass and function. Measurements and Main Results: Relative to participants living more than 150 m from a major roadway, participants living within 50 m of a major roadway showed an adjusted 1.4 g/m 2 (95% CI, 0.3-2.5) higher LVMI, a difference in mass corresponding to a 5.6 mm Hg greater systolic blood pressure. Ejection fraction was not associated with proximity to major roadways. Limited variability in estimates of fine particulate matter was observed within cities, and no associations with particulate matter were found for either outcome after adjustment for center. Conclusions: Living in close proximity to major roadways is associated with higher LVMI, suggesting chronic vascular end-organ damage from a traffic-related environmental exposure. Air pollutants or another component of roadway proximity, such as noise, could be responsible.
Short-term and long-term exposures to air pollution have been consistently linked to cardiovascular disease morbidity and mortality. However, the mechanisms generating these associations and the impact of air pollution on specific subtypes of cardiovascular disease, such as heart failure (HF), remain to be fully understood. Although recent evidence suggests that air pollution may increase hospitalizations (1, 2) , acute myocardial infarctions (3) , and mortality (4, 5) in individuals with HF, it remains unknown whether air pollution is associated with the development of HF itself.
HF affects nearly 6 million people in the United States (6). Although long-term age-adjusted rates do not appear to be increasing, the aging of the population and decreases in HF mortality predict an increasing prevalence of HF in the coming years (7) . HF-related hospital discharges in the United States have increased by nearly a factor of three over the past 20 years, and the magnitude of the problem appears equally striking in Europe (6, 8) . Thus, the identification of factors contributing to the onset of HF has considerable worldwide public health importance.
Cardiac magnetic resonance imaging (MRI) provides a very precise measure of left ventricular (LV) mass that predicts the development of HF. In the Cardiovascular Health Study, increased baseline LV mass measured by echocardiography (a less precise measure) was an independent risk factor for the development of depressed ejection fraction (EF) 5 years later (9) . The Multi-Ethnic Study of Atherosclerosis (MESA) is the first large epidemiologic cohort to take advantage of cardiac MRI to assess the effects of air pollution.
METHODS

Participants
MESA is a multiethnic longitudinal epidemiologic study of 6,814 participants aged 45 to 84 years that was initiated in July 2000 to understand the importance of subclinical atherosclerosis measures as well as other factors in individuals without known clinical cardiovascular disease (10) . Full MESA
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Although air pollution has been associated with cardiovascular disease morbidity and mortality, including heart failure hospitalizations, a relationship between air pollution and left ventricular mass or function has not previously been observed.
What This Study Adds to the Field
Traffic exposure, as measured by very close (less than 50 m) home proximity to major roadways, is associated with higher left ventricular mass in adults, corresponding to the effect of a 6 mm Hg increase in systolic blood pressure. Although air pollutants are the likely cause, other trafficderived environmental conditions should be considered. eligibility criteria are available online at http://www.mesa-nhlbi.org. This prospective cohort study includes individuals from six United States communities (Baltimore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California; New York, New York; and St. Paul, Minnesota) and consists of 38% white, 28% African American, 22% Hispanic, and 12% Asian (of Chinese descent) subjects. For the present study, we included all participants who underwent cardiac MRI at the first examination (n 5 5,004), had accurate address information for exposure assignment (n 5 4,569), and had full covariate data, leaving 3,827 participants for analysis.
Procedures
Medical history, address, anthropometric measurements, physical examination, and laboratory data for the present study were taken from the first examination of the MESA cohort (July 2000 to August 2002) (10) . Information about age, sex, ethnicity, and medical history were obtained by questionnaires administered at the screening and the first examination. The protocol was approved by institutional review boards at all participating centers, and all participants gave informed consent.
Participants' residential addresses were assigned geographic coordinates using ArcGIS 9.1 software (ESRI, Redlands, CA) in conjunction with the Dynamap/2000 street network and geocoding database (Tele Atlas, Boston, MA). Addresses were manually cleaned prior to geocoding, and matches with a geocoding score less than or equal to 80% were checked manually for accuracy.
Proximity to traffic was calculated by measuring the distance from a geocoded home address to the nearest major roadway (interstate, state, or county highway or major arterial), with a maximum search radius of 150 m. Exposure groups were divided into less than 50 m, 50 to 100 m, 101 to 150 m, and greater than 150 m from the nearest major roadway. These groups were defined to reflect varying levels of exposure based on the observed distribution of specific near-roadway air pollutants, with many pollutants approaching background levels by 150 to 200 m from large roadways (11, 12) . For comparison purposes with previous studies of traffic effects and as a sensitivity analysis, we also used methods developed for the Netherlands Cohort Study on Diet and Cancer, assessing exposure as an indicator of living either within 100 m of a highway or within 50 m of a major arterial (13) .
We also investigated the impacts of regional levels of ambient air pollution based on interpolated concentrations of particulate matter less than 2.5 mm in aerodynamic diameter (PM 2.5 ) at each participant's home. Although more accurate estimates will ultimately be available through ongoing ancillary research in MESA, this early analysis relied on average concentrations for the year 2000 for each U.S. Environmental Protection Agency (EPA) Air Quality System monitor sited for population, general, or background pollution, with at least 90 days of valid observations for the year. Using ArcGIS Geostatistical Analyst, we then calculated interpolated PM 2.5 exposures for each city using ordinary kriging estimates. We compared the results obtained using these kriged estimates with results obtained on a subset of participants using the PM 2.5 value of the nearest EPA monitor selected based on criteria previously described by our group (14) .
LV mass, LV end-diastolic volume (EDV), and LV end-systolic volume (ESV) were obtained by cardiac MRI. Images were acquired by 1.5 Tesla MRI scanners (SIGNA LX and CVi, GE Healthcare, Buckinghamshire, UK, and Somatom Vision and Sonata, Siemens Medical Solutions, Berlin, Germany), using a protocol described recently (15) . All MRI data were submitted to the MESA MRI Reading Center at Johns Hopkins Hospital for centralized processing using MASS software, version 4.2 (Medis, Leiden, Netherlands). LV mass index (LVMI, g/m 2 ) was calculated using the DuBois formula for body surface area. EF was calculated by dividing stroke volume (SV, EDV minus ESV) by EDV.
Statistical Analysis
All data analyses were performed using Stata 9.2 (StataCorp, College Station, TX). Univariate and bivariate summaries for all covariates were initially examined. We then used linear regression models to examine the associations. To avoid spurious correlation (16) introduced by the use of ratios in regression analyses, we initially used LV mass as the outcome in a regression model that adjusted for height and weight rather than calculated LVMI. Similarly, for LV function analyses, we initially studied SV adjusted for EDV, height, and weight rather than LVEF. For ease of clinical understanding, and because the results remain unchanged, we present here the results of models using LVMI and EF as outcomes. We then examined for the presence of effect modification by cardiovascular risk factors and geographic covariates.
Covariates were chosen a priori based on either a presumed relationship with both the exposures and the outcomes in each model, or a presumed ability to increase precision. These included age, sex, race/ethnicity, household income, highest educational attainment level, center, systolic and diastolic blood pressure, antihypertensive medication use, low-density lipoprotein and high-density lipoprotein cholesterol, lipid-lowering medication use, physical activity, weekly alcohol consumption, current smoking and pack-year history of smoking, hours per week of secondhand smoke exposure, diabetes status by fasting blood glucose criteria, and use of diabetes medications. Because several of these parameters (particularly blood pressure) may lie in the hypothesized causal biologic pathway between air pollutants and LV mass or function, we examined several partially adjusted models to evaluate the impact of such covariates. Both outcomes were modeled as continuous variables. We assessed model fit and found no significant evidence of non-normality or heteroscedasticity of residuals.
Sensitivity analyses included omitting from the model variables not observed to have strong relationships with the exposures, adding adjustment for individual classes of antihypertensive medications, adding center by race and center by income interactions, and adding neighborhoodlevel measures of socioeconomic status described previously (17) . We also evaluated the impact of different inclusion/exclusion criteria based on years lived at current residence, MRI quality, missing data, and using different forms of the exposure variables.
The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written. Table 1 shows the participants' characteristics at the initial examination of MESA. Age ranged from 45 to 84 years. Although all MESA participants were free of clinical cardiovascular disease at baseline, 35% were on antihypertensive therapy and 16% were on lipid-lowering therapy.
RESULTS
Participant Characteristics
Overall, more than 50% of participants lived within 150 m of a major roadway ( Figure 1 ). Of those participants who lived within 150 m of a major roadway, 86% lived near major arterials rather than highways (data not presented). Distance to a major roadway was strongly patterned by center: for example, 38% of New York participants lived within 50 m of a major roadway compared with only 8% in Winston-Salem, North Carolina. Mean kriged PM 2.5 values were also strongly associated with center, with the highest values being observed in Los Angeles and the lowest in St. Paul ( Figure 2 ). As illustrated in Figure 2 , the majority of the variability in PM 2.5 was between-city.
On bivariate analysis, distance to roadway was also associated with race, income, and systolic blood pressure. African Americans and Hispanics, and those with lower income and lower systolic blood pressure, were more likely to live near major roadways than others (data not shown). The relationships between proximity to roadways and race and proximity to roadways and systolic blood pressure, but not the relationship between roadway proximity and income, were markedly attenuated by adjustment for center. Before adjustment for center, PM 2.5 exposures were strongly associated with nearly every covariate (age, race, systolic blood pressure, smoking and secondhand smoke exposure, income and education, and both outcomes). After adjustment for center, whites and Hispanics, older individuals, smokers, and those with lower education and income had slightly higher PM 2.5 exposures than others.
Unadjusted Analysis
In unadjusted analyses, a positive difference of 2.1 g/m 2 (95% CI, 0.9-3.4) in LVMI over the first 50 m of roadway proximity compared with living more than 150 m away, but no difference in EF, were observed (Tables 2 and 3 ). In this unadjusted analysis, the kriged PM 2.5 values demonstrated an unexpected inverse relationship with LVMI and a positive relationship with EF such that a positive 10 mg/m 3 difference in PM 2.5 was associated with a 26.0 g/m 2 (95% CI, 27.8 to 24.2) difference in LVMI and a 3.0% (95% CI, 1.5-3.4) difference in EF.
Adjusted Models
In our fully adjusted models, we observed a relationship between close proximity (within 50 m) to a major roadway compared with living more than 150 m away for LVMI but not EF (Tables 2 and  3) . Living within 50 m of a major roadway was associated with a 1.4 g/m 2 higher (95% CI, 0.3-2.5) LVMI compared with living more than 150 m away. In addition, there was some evidence (P 5 0.02) of a graded association of proximity on LVMI across the four categories of distance to major roadways, modeled as a single ordinal term (using covariates in model 4).
There was no evidence of an association between PM 2.5 and LVMI or EF in the fully adjusted model. Because most of the variability in PM 2.5 relates to differences between cities (Figure 2 ), adjustment for city caused a large reduction in the amount of variability in the PM 2.5 estimates, and consequently also in the precision of the PM 2.5 association estimates. Each 10 mg/m 3 higher level of PM 2.5 was associated with a 4.6 g/m 2 (95% CI, 24.7 to 13.9) higher LVMI and a 21.3% (95% CI, 26.0 to 3.5) lower EF.
Effect Modification Analyses
The observed association between close proximity to major roadways (,50 m compared with .150 m) and LVMI was examined for effect modification by important risk factors and demographics: age, race, center, smoking status, diabetes, sex, body mass index categories, systolic blood pressure, and hypertensive medication therapy. Although evidence of overall effect modification was not observed (multiple partial F test), several modifiers showed some differences in the associations. Associations between close proximity to roadways and LVMI were more pronounced among men (2.33 g/m 2 ; 95% CI, 0.8-3.9) than women (0.6 g/m 2 ; 95% CI, 20.9 to 2.0; P for interaction 5 0.09), and in New York (4.3 g/m 2 ; 95% CI, 1.1-7.5), St. Paul (3.6 g/m 2 ; 95% CI, 0.6-6.6), and Baltimore (1.9 g/m 2 ; 95% CI, 21.0 to 4.8) compared with Chicago (0.5 g/m 2 ; 95% CI, 21.9 to 2.9), WinstonSalem (20.6 g/m 2 ; 95% CI, 23.7 to 2.6), and Los Angeles (20.9 g/ m 2 ; 95% CI, 23.6 to 1.9; P for interaction 5 0.08).
There was no evidence of effect modification for participants with hypertension (1.7 g/m 2 ; 95% CI, 0-3.3) compared with those without hypertension (1.2 g/m 2 ; 95% CI, 20.2 to 2.6) (P for interaction 5 0.69) or for those on blood pressure medication (1.3 g/m 2 ; 95% CI, 20.5 to 3.1) compared with those not on blood pressure medication (1.4 g/m 2 ; 95% CI, 0.1-2.8) (P for interaction 5 0.89).
Sensitivity Analyses
As described above, adjustment for center had the greatest impact on estimates of the association between both outcomes and both exposures (Tables 2 and 3, compare models 2 and 3) . Examining several models with restricted sets of covariates demonstrated that including all other confounders except blood pressure had minimal impact (compare models 1 and 2), with even small increases in estimates of the association between proximity to major roadways and LVMI after adjustment. Additional adjustment for blood pressure (compare models 3 and 4) also slightly increased estimates of association. Further adjusting for interactions between center and race (compare models 4 and 5), interactions between income and center, and neighborhood-level socioeconomic status (data not shown) did not significantly alter the results. Adjustment for individual classes and number of hypertension medications using indicator variables for ACE inhibitors, angiotensin-2 receptor blockers, diuretics by class, calcium channel blockers, b blockers, vasodilators, and a blockers marginally increased the magnitude and precision of the overall findings regarding the relationship between traffic proximity and LVMI.
Restricting the analysis to participants with at least 1 year residence in their present neighborhood (91.4% of participants), restricting the analysis to participants with at least minimally adequate MRI image quality (99.6% of participants), and using the nearest monitor techniques described above rather than kriging to estimate average PM 2.5 exposure for a subset of participants had no substantial impact on the result of this analysis. Using the alternate exposure method developed for the Netherlands Cohort Study on Diet and Cancer, living either within 100 m of a highway or within 50 m of a major arterial was associated with a 0.9 g/m 2 difference in LVMI (95% CI, 20.1 to 1.9). We also reanalyzed the data with a more limited set of covariates including all participants with cardiac MRI data who had been excluded because of missing data, and obtained results that did not differ meaningfully from the findings presented here.
Although not the primary goal of this analysis, we also explored the fully-adjusted relationship between proximity to major roadways and blood pressure (models based on model 3 with the additional covariate LVMI) to understand whether the observed association between proximity and LVMI might be mediated by an impact of roadway proximity on blood pressure. In this exploratory analysis, we found no association between close (,50 m) proximity to major roadways and systolic blood 
DISCUSSION
This study observed an association between residential proximity to major roadways and higher LVMI but no difference in EF in a large, multiethnic, geographically dispersed population.
Although PM 2.5 and traffic-related pollutants have previously been associated with cardiovascular disease morbidity and mortality, and increased susceptibility to cardiovascular morbidity and mortality has been shown in those with existing HF, there are few data regarding associations with HF itself. In fact, this is the first epidemiologic study to directly examine the relationship between air pollution exposure and these measures of LV mass and function. Such an analysis was possible because we had access to cardiac MRI, which provides highly precise, reproducible measurements of LV mass and EF (18) .
LVMI and EF both provide insight as to preclinical cardiac function with a special focus on HF disease. Increased LV mass is strongly related to HF severity in individuals with HF, and Full model includes age, sex, race/ethnicity, household income, highest educational attainment level, antihypertensive medication use, low-density lipoprotein and high-density lipoprotein cholesterol, lipid-lowering medication use, physical activity, weekly alcohol consumption, current smoking and pack-year history of smoking, hours per week of secondhand smoke exposure, diabetes status by fasting blood glucose criteria, use of diabetes medications, center, and systolic and diastolic blood pressure.
Definition of abbreviations: LVEF 5 left ventricular ejection fraction; PM 2.5 5 particulate matter less than 2.5 mm in aerodynamic diameter.
increased LV mass in individuals without HF may predict the development of both systolic and diastolic HF. As described above, increased LV mass in the Cardiovascular Health Study was an independent risk factor for the longitudinal development of depressed EF (a measure of systolic dysfunction) (9) . Similarly, a subgroup of MESA participants who underwent tagged cardiac MRI demonstrated worsening impairment of myocardial relaxation in individuals with higher LV mass (19) , thus indicating that MRI characterization of LV mass is a marker of diastolic dysfunction. LV mass is also an important predictor of adverse cardiac outcomes other than HF, including sudden cardiac death and arrhythmia. EF itself is a direct measure of cardiac systolic function, one which predicts HF disease severity and clinical outcomes. In this investigation, we observed a 1.4 g/m 2 difference in LVMI associated with living in close (,50 m) proximity to a major roadway. The size of this difference in LVMI corresponds to the association of LVMI with a positive 5.6 mm Hg difference in SBP in this cohort. Provided that these results are confirmed by future investigations, and given that a relatively large number of individuals in this cohort live near major roadways, the public health implications of an association of this magnitude may be substantial (20) .
The apparent lack of an association between roadway proximity and EF in this population may relate to the relative insensitivity of global EF to detect early, preclinical changes compared with LV mass (21) .
Although this analysis has advantages over previous approaches, our exposure assessment remains necessarily limited at present. The fine-scale indicators of proximity to major roadway are somewhat crude measures of traffic-related air pollution exposure, and they do not take into account vertical distance from roadways, although they have gained increasing use in air pollution epidemiology studies (13, 22, 23) for a number of reasons. They possess much greater ability to capture micro-scale, withincity variability that cannot be captured using traditional modeling approaches, and they provide useful indicators of long-term traffic exposure. Given the very strong relationships between center and both exposures and outcomes, and the large impact of center adjustment on the PM 2.5 results compared with other confounders (Tables 2 and 3) , the unexpected unadjusted relationship between PM 2.5 and both outcomes is likely due to strong confounding by center. Because of the large amount of confounding related to center in this study, and the relatively small amount of within-city spatial variability in PM 2.5 left after adjusting for center, such exposure metrics as these proximity measures provide much better approximations of the variability of within-city air pollution concentrations.
There was somewhat less within-city variability in PM 2.5 exposures in this study compared with previous studies (14, 24) . This study was limited to participants in the original MESA cohort with cardiac MRI data at the initial examination. Future studies of pollutant exposures in MESA will be able to take advantage of improved classification of exposures through a dense network of monitors, incorporation of further geographic characteristics, and modeling methods that use the full spatiotemporal extent of the data. The recruitment of 257 additional participants, based on geographic location and known PM 2.5 levels, will also help to increase within-city variability in PM 2.5 exposures in future MESA studies.
The geocoding methods used in this study have been commonly used in studies implicating traffic-related air pollution because of the advantages described above (13, 23, 22) . Accuracy of this method of geocoding and measuring distances depends to a large extent on the underlying accuracy of the road network used for these procedures, as well as the availability of accurate address information (25) . We chose a geocoding database (Tele Atlas Dynamap/2000) with a very high level of positional accuracy and performed extensive manual address cleaning and checking prior to exposure assignment. Despite the general high level of accuracy of these methods, they are known to involve varying degrees of measurement error (26) . It is possible that such measurement error may cause an underestimation of the observed health effects of exposures (27, 28) .
In general, this study benefited from excellent data on potential confounding factors. Although our final model included a simple indicator of hypertension medication usage, additional adjustment for individual classes and number of hypertension medications did not alter our overall findings. Specific data on dosages of medication used or intensity of therapy was not available, although this limitation appears unlikely to have altered the findings, especially given the small increases in the magnitude and precision of the associations seen with additional adjustment for medication use.
Small differences in the associations between proximity to major roadways and LVMI between cities may be related to differences in the amount of traffic represented by road type from city to city (differential exposure misclassification), meteorological effects on the distribution of near-roadway air pollution that differ by city, or other unmeasured characteristics of city. Subjects' activities and time spent away from the home may also contribute to misclassification of exposure in this analysis but are unlikely to have introduced a bias that would explain the findings. Future work in MESA, including an intensive monitoring program, the development of a full statistical model that includes integration of point source data (including detailed traffic data), meteorological data, and time patterns in pollutant concentrations, will be able to explore the effect of further improved exposure classification on these findings.
The somewhat larger association between roadway proximity and LVMI in men than in women bears further investigation. Previous studies of air pollution and cardiovascular disease have demonstrated conflicting results with respect to the susceptibilities of men and women, although LVMI has not been investigated as an outcome, and (as in this study) sex differences could often have been explained by chance (23, 24) . However, women do have an increased prevalence of HF without systolic dysfunction compared with men, suggesting that the most common pathophysiology of HF (and potentially, underlying susceptibilities) may differ by sex (29) .
It is difficult to characterize, based on this analysis alone, which characteristics of proximity to roadways are responsible for the observed association. The pattern of association (over the nearest 150 m) very closely mirrors the approximate distribution of ultrafine particulate matter and oxides of nitrogen near major roadways in the studies that have examined this distribution, but other pollutants and even non-air pollutant (e.g., traffic noise) exposures may follow similar distributions. Noise in particular, related to both traffic and aircraft proximity, has been associated with elevated blood pressure and hypertension in a number of epidemiologic studies (30) (31) (32) . Although the relationship between roadway proximity and LVMI in this analysis appeared to be independent of blood pressure (as described below), lack of information on noise exposure makes it difficult to assess the portion of this association attributable to specific attributes of proximity to roadways. Current work is underway in MESA and elsewhere to begin to disentangle these other important traffic-related exposures.
Social or economic characteristics may be associated with residential proximity to major roadways. Adjustment for individual and neighborhood-level socioeconomic factors, including interactions between center and race and center and income, had little influence on these findings, and adjustment for these factors even marginally increased the magnitude of the observed associations.
Because this was a cross-sectional study, it is difficult to make causal inferences about these associations. Plans for longitudinal studies of these relationships, including follow-up cardiac MRI examinations in a subset of MESA participants, are underway. Although we used a single residential address to determine exposures in this study, the residential stability of the MESA population (with more than 90% of participants living more than 1 yr at their home address), and the fact that our results did not change when restricted to participants living more than 1 year at their address, suggest that this limitation had minimal impact on the overall findings.
Epidemiologic and experimental evidence suggest that air pollution may be associated with elevated blood pressure (33) (34) (35) and atherosclerotic cardiovascular disease (23, 24) , two of the most critical risk factors for the development of increasing LV mass and HF (36) . Although in this cross-sectional study there was no association between roadway proximity and blood pressure, and adjustment for measurement of blood pressure at a single examination had little effect on the associations, the relationship between LV mass and traffic proximity observed here might relate to longer-term (rather than cross-sectional) alterations in blood pressure or atherosclerotic changes (37) . Other mechanisms that have been observed in experimental and epidemiologic studies, including changes in vascular tone (38) (39) (40) or autonomic function (41), could be responsible for these effects.
Conclusion
This large epidemiologic study suggests that residential proximity to major roadways leads to important increases in LVMI in a pattern consistent with an effect of traffic-related air pollution. Evidence to date regarding the potential mechanisms by which air pollution may affect LV mass implicates alterations in vascular tone, inflammation, oxidative stress, and blood pressure. Although the specific mechanism for the association between traffic proximity and LV mass is not known, long-term alterations in vascular tone could plausibly explain this association. These results, suggesting chronic end-organ effects of residing close to traffic, provide an important insight but demand complementary experimental studies and further epidemiologic investigation with better classification of exposure, using time-activity patterns of individuals, more precise traffic measures, and direct air pollution monitoring to clarify this association.
